One of the nanocarbons, graphene, was added to a Diphenylamine-4-diazonium sulfate/formaldehyde condensate/polyvinyl alcohol (DSR/PVA) resist films. Conductivity of the DSR/PVA cured films was increased by the incorporation of graphene. The Conductivity was larger than that with multi-walled carbon nanotube (CNT) and fulleren C 60 (weight ratio of graphene, CNT or C 60 to DSR = 1.00 : 1.00). The conductivity of the DSR/PVA films with graphene depended on the dispersion method. The values of electric conductivity (σ) for the thin cured films ( 3 μm) were ca. 1.5 times larger than those for the thick films ( 4 μm). Photodecomposition of DSR/PVA coated films with graphene was accelerated. It is considered that diazocompounds were reductively decomposed by the electrons evolved from graphene which absorbed light energy. Electron rich characteristics of graphene may play an important role in enhancing of electric conductivity and photo decomposition rate. Hardness of the DSR/PVA cured films with graphene was higher than that without additives. Conductivity and hardness of the DSR/PVA cured films containing graphene is higher than those with long CNT and round C 60 which seems to be due to more polarity edge parts of graphene.
Introduction
In our previous studies, nanocarbons, carbon nanotube (CNT) and fulleren C 60 (C60) were applied to a diphenylamine-4-diazinium sulfate/formaldehyde condensate/polyvinyl alcohol resist (DSR/PVA resist). Photodecomposition rate of the DSR/PVA resist was accelerated by mixing with carbon nanotube (CNT) as well as polyethylene glycohol-300 (PEG300), but not with fulleren (C 60 ) [1] [2] [3] . Etching durability of a positive-working electron beam resist is reported to be improved with C 60 [4] . The hardness [5] and Conductivity [6] of a DSR/PVA cured films after UV irradiation were increased by the addition of CNT. Hardness of the films with long CNT was higher than that with short CNT [7] . The para-substituted benzene diazo compounds (SBD) with electron-donating (DSBD) are used as photoacid generators for micro resists [8] , photosensitive emulsions for the screen printing resist [9] , and contrast enhancement lithographic (CEL) materials. SBD with electron-withdrawing substituents (WSBD) was used for acidic initiators for polymerization of UV-curing coatings. There are many application of single-walled carbon nanotubes (SWNT) to electronic devices [10, 11] . Parabromobenzene diazocompound tetrafluoroborate which selectively reacts with metallic SWNT is used for separation of a metal SWNT from the mixture with semiconductive SWNT [12] .
In this report, one of the nanocarbon, graphene, was applied to the Diazo/PVA films. Monocrystalline graphitic films are found to be twodimensial semimetal with a tiny overlap between valence and conduction bands [13, 14] . It was reported that not only single layers but also multilayer graphenes showed a high conductivity [15] . In the case of application of graphene to the Diazo/PVA resist, graphene powders are dispersed in the diazo/PVA resist. So the electric conductivity of the Diazo/PVA with graphene depends on the dispersion method. Eelectric conductivity, photodecomposition rates and hardness of the Diazo/PVA films containing graphene were measured for testing the possible application to wiring materials.
Method

Materials
The conventional photosensitive diazo resin, DSR and PVA emulsion for screen printing, were purchased from Murakami Screen KK. The additives used were Graphene , (specific surface area is 60 -80 m 2 /g, average particle thickness, ca. 12 nm ; particle diameter 5 -25 μm) from XG Science, C 60 from Aldrich Co., Ltd. and the multiwalled carbon nanotubes (CNT) with diameter of 3~20 nm from Micro phase Co., Ltd., which were more inexpensive than the single-walled nanotubes.
Coating solutions of the resist were prepared by dissolving 0.6 g of the diphenylamine-4-diazonium sulfate/formaldehyde condensate (DSR) in 100 g of the matrix PVA-emulsion in water together with the additives. The films (DSR/PVA) for photodecomposition were coated onto glass plates to a thicknesses of 3 and 4μm.
Measurements
Conductivity of DSR/PVA coated films after irradiation and development by water was measured by the four-point probe method with a Mitsubishi Chemical Analytech Loresta GP MCP-T600 and MCP-TPO6P probe. Surface morphologies of the films were observed usinig a KEYENCE Surface shape measurement microscope VK-8500. Coated films (DSR/PVA) were irradiated by a Sunhatoya Chibi Light Model BOX 1 with fluorescence light (FL-6BL). The incident energy was 2.2 mW/cm 2 . The remaining ratio of DSR was measured after irradiation without development by water with a Shimadzu UV-1600 PC spectrophotometer. Hardness of films was measured by a Nishitokyo WR-105 Durometer.
Results and Discussion
3.1 Conductivity of DSR/PVA resist films with graphene 3.
Effect of additive weight
Relations between conductivity σ at room temperature and weight ratio of graphene to DSR are shown in Fig.1 . Conductivity of DSR/PVA cured films with graphene was higher than that without additives. Conductivity of 3-μm films and 4-μ m film were increased in the range of weight ratio from 0.5 to 2 and from 0.5 to 3, respectively. The σvalues for the thin films (3μm) were 1.3 times larger than those for the thick films (4μm) on average. This result can be explained by assuming that the percolation threshold depends on the film thickness and that the threshould decreases with a decrease in film thickness.
On the other hand, conductivity of DSR/ PVA cured films with thickness of 3 and 4μm decreased in the weight ratio of more than 2 and 3, respectively. This result may be caused by poor dispersion of graphene in the DSR/ PVA cured films, and effect of dispersion of graphene in the resist films is studied at next experiment. 3.1.2 Effect of dispersion of graphene in the resist films Graphene sheet has a high electric conductivity. In the case of the application of graphene to the Diazo/PVA resist films, graphene was pulverized 430 and dispersed in the diazo/PVA resist. Therefore, the effect of the dispersion method on electric conductivity of Diazo/PVA cured films with graphene are was investigated. Some methods for dispersion of graphene in the DSR/PVA emulsion were examined. In the first method, abbreviated as method (S), a DSR/PVA emulsion was mixed with graphene simply by a stirring for 1 h. In the second method, method (B), an emulsion with graphene was placed in an ultrasonic bath and sonicated for 1h. In the third method, method (H), an emulsion was sonicated for 1h, followed by the treatment in a direct ultrasonic homogenizer which was cooled with ice for more 1 h.
Microscopic images of DSR/PVA cured films prepared by the three methods are shown in Fig.2 . The state of dispersion uniformity increased in the order of method (S) < method (B) < method (H). The maximum size of graphene particles was ca.
(S), 7 (B) and 1 μm (H). Considering the dispersion state and the size of graphene, graphene is likely to be incorporated among the DSR/PVA networks for the films prepared by the method (H) . (Scheme 1)
The electric conductivity values of the DSR/PVA cured films prepared by the three methods are shown in Fig.3 . Conductivity of the film prepared by method (B) was 2 times higher than that prepared by the method (S). The films by the method (H) was 5 times larger than that by the method (S). Additionally, conductivity of the graphene-dispersed film prepared by the method (S) was larger than those of CNT-dispersed and C60-dispersed films. This is probably because graphene is more homogeneously dispersed in the DSR/PVA resist film due to its more polar character at its edge parts compared with a long CNT and a round C60, respectively, (Scheme 2). 
Photodecomposition of DSR/PVA resist coated films with graphene
The graphene is colored to black and accordingly, retards photodecomposition of diazo compound in the coated films by the light shielding effect. The residual DSR in the DSR/PVA coated films containing graphene was measured by UV-vis spectroscopy after irradiation without washing-out with water. The remaining ratios of the compounds were calculated from the absorption maximum of DSR at λmax = 378nm, and are plotted against graphene content as shown in Fig.4 .
The remaining ratio of DSR in the films with graphene (○, DSR:graphene =1 : 1 , abbreviated as graphene (1) ) was smaller than that in the films without additives (•). While the remaining ratios for the films with DSR : graphene = 1 : 2 (Graphene 2) and DSR: graphene = 1 : 3 (Graphene (3) ) were larger than ratio of graphene in the layers, the photodecomposition rate may be decreased by the shielding effect of black-colored graphene.
The photodecomposition rates of the coated films with a graphene content ratio of 1.0 were larger than that with C60 with the weight ratio of 1.0 (■, overlapped with no additives ) and same as that with CNT with the weight ratio of 1.0 (▲), respectively. It is considered that the DSR/PVA films with graphene was photodecomposed reductively and accelerated by the electrons photogenerated from graphene by its absorption of light like a CNT [5] Diazo/PVA film containing graphene was washed with water after irradiation for 5 min. and dried, and their hardness was measured by the instrument described in Section 2.2. The relation of hardness of DSR/PVA cured films and weight ratio of graphene is shown in Fig. 5 . The hardness of the cured films with a graphene content ratio of 0.5 was 1.5 times larger than that without additives. The hardness of the cured films with graphene content of 1.0 was larger than those with CNT and C60 with the weight ratio of 1.0. This can be also explained by assuming that the graphene particles may be incorporated among the DSR/PVA net-works, resulting in the improvement of hardness (see Scheme 1) . The hardness of the films with graphene continued to increase with the graphene content up to its weight ratio of 4. 
Conclusion
Electric conductivity, photodecomposition and hardness of the DSR/PVA resist cured films were investigated and it was revealed that they increased by the incorporation of graphene. Graphene with more polar nature at its edge parts may play an important role in increased electric conductivity. The photodecomposition rate of the coated films with a graphene was same as that with CNT. It is considered that the DSR/PVA films with graphene was photodecomposed reductively and accelerated by the electrons photogenerated from graphene by its absorption of light. Electric conductivity of the resist films with graphene was also investigated under various dispersion conditions. The resuls obtained in this study, the enhancement in electric conductivity with the incorporation of nanocarbons, may be applied to electrically conductive materials with good optical transparency for the flexible electronics of next generation.
